PH-PLCδ 1 [the PH domain (pleckstrin homology domain) of PLCδ 1 (phospholipase C-δ 1 )] is among the best-characterized phosphoinositide-binding domains. PH-PLCδ 1 binds with high specificity to the headgroup of PtdIns(4,5)P 2 , but little is known about its interfacial properties. In the present study, we show that PH-PLCδ 1 is also membrane-active and can insert significantly into PtdIns(4,5)P 2 -containing monolayers at physiological (bilayer-equivalent) surface pressures. However, this membrane activity appears to involve interactions distinct from those that target PH-PLCδ 1 to the PtdIns(4,5)P 2 headgroup. Whereas the majority of PtdIns(4,5)P 2 -bound PH-PLCδ 1 can be displaced by adding excess of soluble headgroup [Ins(1,4,5)P 3 ], membrane activity of PH-PLCδ 1 cannot. PH-PLCδ 1 differs from other phosphoinositide-binding domains in that its membrane insertion does not require that the phosphoinositide-binding site be occupied. Significant monolayer insertion remains when the phosphoinositide-binding site is mutated, and PH-PLCδ 1 can insert into monolayers that contain no PtdIns(4,5)P 2 at all. Our results suggest a model in which reversible membrane binding of PH-PLCδ 1 , mediated by PtdIns(4,5)P 2 or other acidic phospholipids, occurs without membrane insertion. Accumulation of the PH domain at the membrane surface enhances the efficiency of insertion, but does not significantly affect its extent, whereas the presence of phosphatidylethanolamine and cholesterol in the lipid mixture promotes the extent of insertion. This is the first report of membrane activity in an isolated PH domain and has implications for understanding the membrane targeting by this common type of domain.
INTRODUCTION
PH-PLCδ 1 [the PH domain (pleckstrin homology domain) of PLCδ 1 (phospholipase C-δ 1 )] was the first PH domain shown to bind with high affinity and stereospecificity to a particular membrane phosphoinositide [PtdIns(4,5)P 2 ] [1, 2] , by recognizing its headgroup, Ins(1,4,5)P 3 [3] . Membrane association of PH domains has been argued to arise from a combination of such direct headgroup binding (which may be specific) and non-specific delocalized electrostatic attraction of the domain to negatively charged membrane surfaces [4] [5] [6] . The relative contributions of these two driving forces appear to vary widely for different PH domains, with specific PH domains relying more on headgroup recognition and promiscuous PH domains binding primarily through delocalized electrostatic attraction [7, 8] .
Recent studies have suggested that the situation may be more complex [8] [9] [10] . For example, the PH domains from p130 and PLCδ 1 were shown to differ greatly in their membrane-targeting and binding abilities, despite binding to Ins(1,4,5)P 3 and monomeric PtdIns(4,5)P 2 with almost identical affinities [11] . It was suggested that sequences unique to the C-terminal half of PH-PLCδ 1 provide auxiliary interactions with the membrane that are absent for p130. One possible source of these additional interactions is membrane activity, achieved by inserting hydrophobic side chains into the apolar region of the bilayer to strengthen membrane association. Although not previously studied for PH domains, compelling evidence for such membrane insertion/activity has been reported for almost all other phosphoinositide-binding modules [5, [12] [13] [14] [15] [16] [17] [18] . The crystal structure of PH-PLCδ 1 bound to Ins(1,4,5)P 3 [3, 4] suggested that two hydrophobic side chains in one of the variable loops are well-positioned to penetrate the membrane interface when it docks on to PtdIns(4,5)P 2 . In addition, a solid-state 13 C-NMR study has indicated that the conformation of PH-PLCδ 1 is altered upon interaction with PtdIns-(4,5)P 2 -containing vesicles, and the authors suggested that a part of the PH domain could insert into the membrane [19] . Membrane insertion has been reported for full-length PLCδ 1 [20] , and may play a role in prolonging the residence time of the enzyme during its action at the plasma membrane.
We have analysed the membrane activity and binding of PH-PLCδ 1 using mixed-lipid monolayers and bilayers. PH-PLCδ 1 appears to be capable of binding to PtdIns(4,5)P 2 -containing membranes by reversibly associating with the PtdIns(4,5)P 2 headgroup in a way that does not lead to detectable membrane insertion. A second mode of PH-PLCδ 1 binding to membranes that does involve membrane insertion appears to be independent of PtdIns-(4,5)P 2 , but is accelerated by its presence. These findings distinguish PH-PLCδ 1 from other phosphoinositide-dependent membrane-targeting modules that have been studied so far. (La Jolla, CA, U.S.A.). The PH domain of rat PLCδ 1 (residues 11-140) and its triple mutant [K32A (Lys 32 → Ala), W36N and R38K] were produced and purified as described previously [2, 3, 21] and stored at − 80
• C in 50 mM Mes (pH 6.0), 100 mM NaCl, 1 mM dithiothreitol and 25 % (w/v) glycerol. SPR (surface plasmon resonance) studies were performed with freshly produced PH domains. Protein concentration was determined by absorbance A at 278 nm [2] .
Monolayer measurements
Monolayer experiments were performed as described in [22] at constant area and 37
• C, using a 1.6 ml Teflon trough, which was 2 cm in diameter and had a monolayer surface area of 3.14 cm 2 . The subphase contained 20 mM Hepes/NaOH (pH 7.0), 1 mM MgCl 2 , 2 mM EGTA, 100 mM NaCl and 1 mM dithiothreitol (HCB100).
Analysis of lipid binding by SPR
Membrane binding was monitored by SPR exactly as described in [8] using a Biacore ® 3000 (Biacore AB, Uppsala, Sweden) with a L1 sensor chip and HCB100 as the flow buffer (at 25
• C, flow rate of 10 µl/min). Large unilamellar vesicles were prepared and immobilized as described in [23, 24] . Flowcell 1 was always coated with pure PC vesicles for real-time background subtraction. PH-PLCδ 1 was injected at a range of concentrations (in 50 µl) at 25 • C; dissociation was then monitored for 3 min and a wash with 10 µl of 100 mM NaOH was applied to remove residual bound protein (but not lipid). The equilibrium-binding signal was measured for each injection, and GraphPAD Prism (version 4) was used to fit the curves of binding versus [PH-PLCδ 1 ] to simple one-or two-site models using least-squares regression analysis.
RESULTS

Membrane activity of PH-PLCδ 1
To investigate whether PH-PLCδ 1 is membrane-active, we spread a mixed-lipid monolayer composed of PC/PE/PS/cholesterol/ PtdIns(4,5)P 2 (1:1:1:1:1, by mol) at an air/water interface with an initial surface pressure of 25 mN/m and then injected increasing amounts of PH-PLCδ 1 into the subphase. As shown in Figure 1 , PH-PLCδ 1 addition caused a clear increase in the surface pressure of the lipid monolayer. We established that the surface pro- The increase in monolayer surface pressure induced by the addition of PH-PLCδ 1 (169 nM) was monitored as a function of the initial surface pressure. Mixed-lipid monolayers composed of PtdIns(4,5)P 2 (20 mol %) in PC/PE/PS/cholesterol (1:1:1:1) were used, and the surface pressure increase was measured after equilibrium was reached. Linear regression analysis gave an x-axis intercept, the monolayer exclusion pressure, of 37.2 mN/m (r 2 = 0.88).
perties of PH-PLCδ 1 itself cannot explain this finding by showing that the maximum surface pressure obtainable with the PH domain alone (at 6 µM and in the absence of a lipid monolayer) was just 20.2 mN/m (results not shown). Since this value is significantly lower than the initial surface pressure in our monolayer studies (25 mN/m), the PH-PLCδ 1 -induced increase in surface pressure observed in Figure 1 must result from the penetration of PH-PLCδ 1 into the lipid monolayer. The increase in monolayer surface pressure reached its maximal level at a PH-PLCδ 1 concentration of 169 nM, and this saturating amount was then used in all subsequent monolayer experiments. To determine whether the observed membrane activity of PH-PLCδ 1 can occur in physiological membranes, we next investigated its ability to insert into PC/PE/PS/cholesterol/PtdIns(4,5)P 2 (1:1:1:1:1) monolayers at a series of different initial surface pressures. Higher initial monolayer surface pressures correlate with higher lipid packing densities and hinder protein insertion. This effect is observed as a progressive reduction in the surface pressure increase that is induced by PH-PLCδ 1 as the initial surface pressure is increased (Figure 2 ). Extrapolation of these data yields the exclusion pressure, defined as the initial surface pressure beyond which the protein can no longer insert into the monolayer. The data presented in Figure 2 yield an exclusion pressure estimate for PH-PLCδ 1 in the PtdIns(4,5)P 2 -containing mixedlipid monolayers of 37.2 mN/m. Physiological bilayers are estimated to have surface pressures of 30-35 mN/m [25, 26] . Since the PH-PLCδ 1 exclusion pressure significantly exceeds all estimates of the surface pressures in biological membranes, we suggest that PH-PLCδ 1 is capable of inserting into biomembranes at physiological surface pressures, and this is corroborated by SPR analysis of immobilized mixed-lipid membrane bilayers (see below).
Specificity and lipid dependence of membrane activity
We next tested the lipid specificity of monolayer insertion by injecting PH-PLCδ 1 into the subphase beneath a series of mixedlipid monolayers composed respectively of PC/PE/PS/cholesterol insertion were greatest for the PtdIns(4,5)P 2 -containing monolayer (curve a), but only decreased slightly (extent by approx. 5 % and rate by approx. 22 %) when PtdIns(4,5)P 2 was replaced by PtdIns4P (curve b). In the monolayer containing 40 % PS (curve c), the extent of insertion after 30 min was decreased by only 25 % compared with that seen for the PtdIns(4,5)P 2 -containing monolayer, and the rate of insertion was further decreased (compare curve c with a). In the absence of any acidic phospholipids (using a 1:1:1 mixture of PC/PE/cholesterol), the rate of PH-PLCδ 1 insertion into the lipid monolayer was substantially decreased (curve d), but the final extent of insertion in the experiment was still only approx. 30 % smaller than that seen with 20 % PtdIns(4,5)P 2 + 20 % PS. Thus, although the most rapid monolayer insertion by PH-PLCδ 1 was seen when PtdIns(4,5)P 2 was present, these results show that this phosphoinositide is not required for insertion. In fact, significant monolayer insertion of PH-PLCδ 1 can occur in the absence of any anionic phospholipid at all. The presence of these lipids [or the presence of PtdIns(4,5)P 2 ] appears primarily to influence the rate of PH-PLCδ 1 insertion.
Parallel to these studies, we also used SPR for a direct analysis of PH-PLCδ 1 binding to membranes with lipid compositions identical with those used in our monolayer studies. As shown in Figure 3 (B, filled grey triangles), PH-PLCδ 1 bound significantly to membranes composed of PC/PE/PS/cholesterol (2:1:1:1). The resulting binding curves saturated at 690 RU (response units) and gave an apparent dissociation constant K D = 9.7 µM. In membranes composed of PC/PE/PS/cholesterol (1:1:2:1) or PC/PE/PS/cholesterol/PI (1:1:1:1:1), in which the percentage of acidic lipids is increased by 2-fold ( Figure 3B , open diamonds and triangles), the binding capacity of the sensor chip-immobilized membrane was approximately doubled (maximal response R max ∼ 1400 RU), but the apparent affinity was unchanged (K D = 5-10 µM in each case). As anticipated, adding PtdIns(4,5)P 2 or PtdIns4P to 20 % PS had a much greater influence. Curves for PH-PLCδ 1 binding to the phosphoinositide-containing membranes appeared to represent a two-site combination of a simple (1:1) PtdIns(4,5)P 2 (or PtdIns4P) binding and a lower affinity binding to the background lipid mix. The best fit to the PtdIns(4,5)P 2 data suggests that PH-PLCδ 1 binds PtdIns(4,5)P 2 with a K D of 0.8 µM (R max = 1207 RU) and the background lipid with K D = 9.7 µM and R max = 690 RU (using values fit for the background lipid alone). At saturation, PtdIns(4,5)P 2 recruitment would thus be responsible for approx. 64 % of the bound PH-PLCδ 1 . For PtdIns4P, the best-fit K D value for the higher affinity is 3.5-fold weaker (at 2.8 µM; R max = 1214), in agreement with previous studies [1, 2] . The relative affinity of PH-PLCδ 1 for the different mixed-lipid membranes thus correlates well with the rate of its insertion into the corresponding monolayers ( Figure 3A) .
These studies argue that PtdIns(4,5)P 2 strongly promotes PH-PLCδ 1 binding to membranes, but that its presence is not critical for the observed membrane activity of PH-PLCδ 1 . Rather, the overall nature of the membrane or monolayer surface may be a more important determinant of PH-PLCδ 1 membrane activity. To investigate this possibility further, we analysed PH-PLCδ 1 insertion into monolayers that contained identical amounts of PtdIns-(4,5)P 2 , but in two quite different background contexts: one of pure PC, and another similar to cellular membranes (PC/PE/PS/ cholesterol in the ratio 1:1:1:1). As shown in Figure 3(C) , both the extent (after 30 min) and the rate of PH-PLCδ 1 insertion were significantly decreased for monolayers containing PtdIns(4,5)P 2 in a pure PC background when compared with the PC/PE/PS/ cholesterol (1:1:1:1) background. This result suggests that the membrane activity of PH-PLCδ 1 may be largely independent of its phosphoinositide binding and that the presence of PE, PS or cholesterol is an important determinant of the maximum extent and efficiency of PH-PLCδ 1 insertion into PtdIns(4,5)P 2 -containing monolayers.
Membrane insertion of PH-PLCδ 1 does not require an intact PtdIns(4,5)P 2 -binding site
Since the presence of PtdIns(4,5)P 2 is not required for monolayer insertion by PH-PLCδ 1 (although it does increase the rate of insertion, as shown in Figure 3A) , we predicted that mutating the PtdIns(4,5)P 2 -binding site should not abolish PH-PLCδ 1 insertion (although it should decrease its efficiency). To test this, we used a mutated form of PH-PLCδ 1 with substitutions (K32A, W36N and R38K) of three amino acids that are critical for phosphoinositide binding [6, 21] . We used SPR to demonstrate that these mutations greatly decrease the affinity of PH-PLCδ 1 for PtdIns(4,5)P 2 (Figure 4A) . The best fit to the binding curve suggested a very low affinity contribution from residual PtdIns(4,5)P 2 binding on top of a slightly increased affinity for background lipid (by 2-3-fold). We have previously shown that this set of mutations prevents PH-PLCδ 1 from inhibiting PtdIns(4,5)P 2 -dependent processes [21] . Monolayer studies presented in Figure 4 (B) showed that the membrane activity of the mutated PH domain towards PC/PE/PS/ cholesterol/PtdIns(4,5)P 2 (1:1:1:1:1) monolayers is decreased when it is added at low protein concentrations (< 400 nM; see also curve b in Figure 4C ). However, the binding site mutations do not greatly decrease the maximum extent of monolayer insertion by PH-PLCδ 1 observed at protein concentrations above 400 nM. Thus, disrupting the PtdIns(4,5)P 2 -binding site does not prevent PH domain insertion into the lipid monolayer.
In a complementary set of experiments, we analysed the effect of adding excess D-myo-Ins(1,4,5)P 3 on PH-PLCδ 1 membrane activity. D-myo-Ins(1,4,5)P 3 binds to the PH-PLCδ 1 phosphoinositide-binding site approx. eight times more strongly than does membrane-embedded PtdIns(4,5)P 2 , and D-myo-Ins(1,4,5)P 3 efficiently competes PH-PLCδ 1 away from PtdIns(4,5)P 2 -containing membranes [2, 7, 27] . SPR studies show that the presence of 100 µM D-myo-Ins(1,4,5)P 3 decreases wild-type PH-PLCδ 1 binding to PtdIns(4,5)P 2 -containing membranes from the high-affinity interaction described above (filled black squares in Figures 3B  and 4A ) to a binding curve that resembles binding of unliganded PH-PLCδ 1 to background lipid, but with decreased affinity (K D ∼ 24 µM, R max ∼ 650 RU; Figure 4A , filled grey squares). Singh and Murray [4] have reported that binding of D-myo-Ins(1,4,5)P 3 to PH-PLCδ 1 neutralizes much of the charge on its positively charged face, which in turn will decrease its non-specific electrostatic attraction for negatively charged membranes, and this may explain the fact that D-myo-Ins(1,4,5)P 3 binding decreases its membrane affinity to below background.
In monolayer studies, adding 10 µM D-myo-Ins(1,4,5)P 3 to the subphase together with PH-PLCδ 1 also considerably decreased the rate of monolayer insertion by the PH domain, but cut the extent of its insertion after 30 min by only approx. 35 % (curve c in Figure 4C , quantified in Figure 4D ). As a specificity control, we showed that L-myo-Ins(1,4,5)P 3 (which binds PH-PLCδ 1 42 times more weakly than the D-isomer [2] ) has little influence on PH-PLCδ 1 insertion (d in Figures 4C-4D) .
Thus mutating the PtdIns(4,5)P 2 -binding site of PH-PLCδ 1 , or occupying it with excess Ins(1,4,5)P 3 , appears to negate the enhancing effect of PtdIns(4,5)P 2 on monolayer insertion by this PH domain. However, these manipulations [or omitting PtdIns(4,5)P 2 from the lipid mixture] do not abolish monolayer insertion and appear to have little effect on its extent. The membrane activity of PH-PLCδ 1 therefore appears to be independent of its phosphoinositide binding, although phosphoinositide binding increases the rate at which it occurs.
Monolayer insertion of PH-PLCδ 1 is not reversible
To investigate further what causes the surface pressure increase observed in Figure 1 , we took advantage of the long-standing observation that D-myo-Ins(1,4,5)P 3 displaces most of the bound PH-PLCδ 1 from PtdIns(4,5)P 2 -containing membranes in vitro [7] and in vivo [27] . If recruitment of PH-PLCδ 1 to PtdIns(4,5)P 2 -containing membranes leads to its insertion into the membrane, we would expect the increase in surface pressure to be reversed when D-myo-Ins(1,4,5)P 3 is added. Surprisingly, this was not the case. Although addition of D-myo-Ins(1,4,5)P 3 during the insertion phase clearly decreased the efficiency of insertion ( Figure 4C , curve c), it could not reverse the process if added after allowing insertion to proceed [ Figure 4C , curve a: D-myo-Ins(1,4,5)P 3 was added at the time indicated by the vertical arrow]. In contrast, direct binding studies indicate that excess D-myo-Ins(1,4,5)P 3 can displace 80 % of PH-PLCδ 1 from similar membranes [7] . The SPR sensorgram shown in Figure 5 (solid trace) illustrates that most of the binding of PH-PLCδ 1 to PtdIns(4,5)P 2 -containing membranes is rapidly reversible, although dissociation is not complete, and it is possible that the 'residual' (∼ 200 RU or 20 %) binding might represent PH-PLCδ 1 that has inserted into the membrane irreversibly (but is dissociable with 0.1 M NaOH). Adding an excess 100 µM D-myoIns(1,4,5)P 3 in SPR experiments during the association phase greatly impaired binding of 2 µM PH-PLCδ 1 to PC/PE/PS/cholesterol/PtdIns(4,5)P 2 membranes ( Figure 5, broken line) . However, if 2 µM PH-PLCδ 1 was allowed to bind the membrane, and D-myo-Ins(1,4,5)P 3 was added (to 100 µM) after the dissociation phase ( Figure 5 , vertical arrow), it had no effect at all on the 'residual' PH-PLCδ 1 binding. These observations mirror those seen in the monolayer studies in Figure 4(C, curve a) .
Taken together, these studies show that monolayer insertion by PH-PLCδ 1 is accelerated by (but is not dependent on) phosphoinositides, and also suggest that monolayer insertion by PH-PLCδ 1 is irreversible. Importantly, these findings also argue that the reversible PtdIns(4,5)P 2 -dependent recruitment of PH-PLCδ 1 to membranes seen in vitro and in vivo occurs without detectable membrane insertion. The membrane activity of PH-PLCδ 1 seems to be an independent property that may play a role in longer-lived membrane association.
DISCUSSION
The most straightforward interpretation of our data is that PH-PLCδ 1 has two modes of membrane binding. The PH domain appears to bind the surface of PtdIns(4,5)P 2 -containing membranes in a freely reversible manner by specifically recognizing the phosphoinositide headgroup, and this mode of membrane association does not involve detectable membrane penetration. The lack of apparent membrane activity associated with this mode of interaction suggests that the crystal structure of a PH-PLCδ 1 -Ins(1,4,5)P 3 complex [3] provides a faithful representation of how the PH domain recognizes phosphoinositides at the membrane surface.
Our findings reveal a contrast between PtdIns(4,5)P 2 -dependent membrane recruitment of PH-PLCδ 1 and membrane targeting of other phosphoinositide-binding domains. Recent studies of FYVE (Fab1p, YOTB, Vac1p and EEA1) [14] [15] [16] , PX (Phox homology) [18] and ENTH (epsin N-terminal homology) [28] domains have all indicated that the respective phosphoinositide-binding sites must be occupied for maximal membrane insertion by each domain. In each of these cases, it has been argued that binding to the phosphoinositide headgroup induces conformational changes in the domain that are required for its subsequent penetration of the membrane. Our results with PH-PLCδ 1 paint quite a different picture. Whether its phosphoinositide-binding site is mutated, is occupied by Ins(1,4,5)P 3 , is occupied by PtdIns(4,5)P 2 or is simply unoccupied, the maximum extent of monolayer insertion by PH-PLCδ 1 appears to be similar. Binding to PtdIns(4,5)P 2 is therefore not required for maximum monolayer insertion by PH-PLCδ 1 , although it does appear to enhance the rate of monolayer insertion (to reach that maximum). Thus PH-PLCδ 1 appears to have intrinsic (uninduced) membrane activity that is not seen with other phosphoinositide-binding modules. Since most of the PH domains do not bind strongly to phosphoinositides [8] , whereas (at least in yeast) all PX and FYVE domains specifically recognize PtdIns3P, this distinction may have significant functional implications for this domain class.
It remains unclear which parts of PH-PLCδ 1 are responsible for its observed membrane activity. The fact that the reversible PtdIns(4,5)P 2 -dependent membrane association of PH-PLCδ 1 does not involve membrane penetration argues against the suggestion [3, 4] that the two hydrophobic side chains close to the crystallographically observed Ins(1,4,5)P 3 -binding site are required. Rather, it seems more reasonable to suggest that the major contribution to membrane activity comes from the C-terminal half of PH-PLCδ, based on the studies of PH-PLCδ/p130 chimaeras by Balla and co-workers [11] . Surface-lying hydrophobic residues in this region may be primarily responsible for the membrane activity of PH-PLCδ, and identifying which of these make key contributions will require analysis of multiple mutants and careful controls for protein misfolding. We consider it highly unlikely that the observed membrane insertion and irreversible binding represent an artifactual surface denaturation of the PH domain in our monolayer and SPR studies. Indeed, a similar Ins(1,4,5)P 3 -resistant fraction of membrane-associated PH-PLCδ 1 is observed in studies of vesicle binding using a centrifugation approach [7] . Moreover, the fact that the K32A/W36N/R38K mutant of PH-PLCδ 1 showed decreased membrane activity despite expressing at lower levels argues against a non-specific denaturation effect.
It is not yet clear precisely what is the nature of this irreversible mode of interaction that involves membrane insertion and is seen only for approx. 20-30 % of the protein in our studies. Indeed, at first thought, it seems surprising that binding due to membrane insertion accounts for only approx. 20-30 % of the total PH-PLCδ 1 binding to a membrane containing 20 % PtdIns(4,5)P 2 . However, if each 'binding site' required for PH-PLCδ 1 to associate with the membrane in this way involves 20-25 lipid molecules (and is phosphoinositide-independent), these numbers would be expected. In other words, it is very difficult to compare the stoichiometry of a precise headgroup recognition event [binding to PtdIns(4,5)P 2 ] with the stoichiometry of a binding/insertion event that appears to be defined by the overall nature of the membrane (or monolayer). As shown in Figure 3 (C), PH-PLCδ 1 inserts much more efficiently into PtdIns(4,5)P 2 -containing monolayers with a PC/PE/cholesterol mixture as background than when a pure PC background was used. In fact, PH-PLCδ 1 inserted no more efficiently into a PC/PtdIns(4,5)P 2 (4:1) mixture than it did into a neutral PC/PE/cholesterol (1:1:1) monolayer lacking anionic phospholipids altogether (compare Figures 3A and 3C ). This finding suggests that the PE and cholesterol in the background lipid mixture play an important role in determining the extent of insertion (i.e. in creating the 'binding sites' for PH-PLCδ 1 mentioned above). PE and cholesterol are type II (cone-shaped) lipids [29, 30] . They decrease the lateral pressure among the lipid headgroups at the membrane/water interface, creating interfacial insertion sites that may well facilitate protein binding [31, 32, 33] . Indeed, PE has been reported to stimulate membrane insertion of the catalytic domain of leader peptidase (᭝2-75) from Escherichia coli. The size of the insertion sites, the amount of free space present between the phospholipid headgroups, increases with a decrease in lipid headgroup size and was estimated to be 15 + − 7 Å/lipid molecule (1 Å = 10 −10 m) for 1,2-dioleoyl-PE, relative to 1,2-dioleoyl-PC [34] . These studies underscore the fact that, although model membranes consisting of only PC with small amounts of a lipid of interest [e.g. PtdIns(4,5)P 2 ] can give information about specific surface interactions, it is important to study lipid mixtures that more closely reflect biological membranes to obtain information on overall protein-membrane interactions, particularly membrane insertion.
Finally, it is worth considering the implications of our results for the use of PH-PLCδ 1 as a probe for the localization of cellular PtdIns(4,5)P 2 . Although most of the reversible binding observed in our SPR studies did reflect binding of PH-PLCδ 1 to PtdIns-(4,5)P 2 at the membrane surface, it is clear from both our SPR and monolayer analyses that a significant portion of the binding is not dependent on this phospholipid. Long-lived interactions that cannot be reversed by adding excess Ins(1,4,5)P 3 may represent PtdIns(4,5)P 2 -independent membrane association that results from membrane insertion. Since membrane insertion of PH-PLCδ 1 is probably highly sensitive to lipid packing, it will also be significantly influenced by both local lipid composition and membrane curvature (see [35] ). As such, these factors may play an important role in defining the subcellular localization of a fraction of the PH domain probe. Caution should therefore be exercised before assuming that all of a GFP-PH-PLCδ 1 fusion protein (where GFP stands for green fluorescent protein) is located in regions of high PtdIns(4,5)P 2 concentration in vivo, and comparative studies with more than one PtdIns(4,5)P 2 probe should ideally be used to control for such additional modes of binding [9] .
